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The authors describe a form of selection bias that may arise when a second
disease selectively removes from the population persons susceptible to the
primary disease of interest. Two examples of this bias are given: 1) a lack of
association between an exposure and the primary disease may appear as an
inverse association, and 2) a direct association between exposure and primary
disease may be greatly attenuated. These examples of bias require the presence
of an unknown risk factor in addition to the exposure of interest.

epidemiologic methods; risk; risk factors

Cause-specific hazard rates are ordinar-
ily estimated by the life table method. This
method directly estimates the conditional
probability of a person's dying from the
specific cause in a certain time interval,
given that the person survives to the begin-
ning of the interval. The cause-specific haz-
ard generated by this procedure has been
called the "crude" hazard function (1). The
life table method rests on the assumption
that any other causes of loss to follow-up

("competing risks") operate independently
of the cause of death under study (1-6).
This independence assumption implies that
subpopulations particularly susceptible (or
resistant) to the primary disease are not
selectively depleted (or overrepresented)
among survivors of the other causes of loss
to follow-up.

It has long been recognized, however,
that the independence assumption is un-
realistic in many instances ( 4, 7, 8) I as when
risk factors are common to several causes
of death. The relation of smoking and
health immediately comes to mind, smok-
ing being implicated in the pathogenesis of
coronary heart disease, cancer at multiple
sites, cerebrovascular disease, and chronic
lung disease (9). These causes of death are
said to represent dependent competing
risks.

We would like to construct hypothetical
hazard rates that would obtain if all causes
of loss to follow-up other than the specific
primary cause could be suppressed. These
hypothetical rates, variously called "net"
(1) and "pure" (4) rates, presumably reflect
the relevant pathobiologic processes under-
lying the primary disease of interest. When
competing causes of loss to follow-up act
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independently of the primary disease under
study. the crude and net hazard functions
are identical. However, mathematicians
have reeognized in recent years that when
the assumption of independence of compet-
ing risks does not hold, it is generally im-
possible to estimate the net cause-specific
hazards (4,5).

In this paper, we address the problem of
interpreting survival data in two types of
hypothetical settings in which the inde-
pendence assumption fails and in which
uncritical use of estimated crude cause-
specific hazard functions would lead to se-
rious biases.

The premise of the following examples is
that, while some common exposures (E in
the examples) are known and measured,
others Isuch as X in the examples) are not.
In brief, it is the ignored common risk
factor .X which can induce dependence be-
tween competing risks within E strata.

posures, cholesterol and X, are related to
the instantaneous hazards of coronary
heart disease mortality and cancer mortal-
ity as shown in table 1. For purposes of
illustration, we will consider both choles-
terol and X dichotomous variables. The
numbers in table 1 are annualized mortality
(hazard) rates for cancer and coronary
heart disease at one year within the given
levels of cholesterol and X. Risks of death
from cancer and coronary heart disease are
assumed to act independently of one an-
other within each of the four cholesterol-X
strata.

We also assume, only to simplify the
presentation, that the (dichotomous) val-
ues of X are equally distributed within the
high- and low-cholesterol categories, so
that each cell within a 2 X 2 table (table 1)
has a probability of 0.25.

Rather than make the assumption that
the time-l hazard rates shown in table 1 all
remain constant over time, we assumed
that the hazard rates change over time ac-
cording to a Weibull distribution (11). The
Weibull shape parameters associated with
the time-l rates from table 1 are given in
table 2. Although the specific figures in

TABLE 1

Instantaneous mortality rates* (A-y) at t = I for

diseases I and 2

Disease 1 Disease :2

Low E

High£ 50 200 25 100

EXA~PLE 1: LACK OF ASSOCIATION IS
OBSERVED TO BE AN INVERSE

ASSOCIATION

Consider diseases 1 and 2 to be coronary
heart disease and cancer, respectively, and
the exposure of interest to be total serum
cholesterol. Although the epidemiologic
evidence has been inconsistent, a number
of prospective cohort studies have found an
inverse association between serum choles-
terol and cancer (10). We emphasize that
the following discussion is presented only
for purpQses of illustration and is not meant
to be a substantive commentary on the
cholesterol-cancer question.

We now suggest a set of conditions under
which the cancer-cholesterol association
might differ between the censored and un-
censored populations. Suppose we have two
exposures, cholesterol (corresponding to E
in the general explanation above) and an
additional exposure X, and two potential
disease endpoints, coronary heart disease
mortality and cancer mortality. We assume
that as of time t = 1 year ( that is, after a

single unit of time on study), the two ex-

.Annual rates per 100,000 person-years.

TABLE 2

Weibull shape parameters ("y-values) used in examples

land2

Low E 1.6 1.6

HighE 1.6 2.4 1.6/1.7 2.0/1.9
* The first -y-value in a given E-X stratum is for

example I, while the second -y-value in a given stratum
is for example 2.
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High cholesterol Low cholesterol
Year

Low X

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20

tables 1 and 2 are arbitrary , the survival

parameters in our examples have been cho-

sen to )-ield age-specific mortality com-

parable to the actual age-specific mortality
for US white males (12,13). The mortality

rates have been modeled to vary over time

according to a power law, and the predicted

mortality should be calculated according to

Weibull survival functions.
One consequence of the specification of

example 1 is that the patients at highest

risk of failure from disease 1 ( the "suscep-

tibles") are selectively depleted from the

high E-high X stratum. This can be seen

quantitatively through the exhibit in table

3 of the respective proportions of the sur-

viving population belonging at time t to

each of the four cholesterol-X strata. Of

course, these proportions as of time ° are

all 0.25. The "depletion of susceptibles" in

this example is reflected in the decrease

over time of the observed proportion of high

cholesterol (high X + low X) individuals

among those still at risk after time t.

Tables 1 and 2, taken together, imply the

following:

TABLE 3
Changing population proportions over time within

each cholesterol-X stratum

1) High X is a risk factor for cancer. The
cancer hazard rate at time t = 1 is greater
for high X relative to low X. Moreover, the
cancer hazard increases with time more
rapidly for persons with high X, irrespec-
tive of their cholesterol values.

2) Cholesterol level is not a cancer risk
factor.

3) Cholesterol is a necessary risk factor
for coronary heart disease mortality and
operates synergistically with X so that the
coronary mortality rates at t = 1 among
persons with high cholesterol are about four
times higher in the presence of high X than
in the presence of low X. In addition, the
coronary disease hazard increases more
rapidly in the high cholesterol-high X stra-
tum than in the other three strata.

On the basis of the hazards at t = 1
presented in table 1 and the Weibull shape
parameters shown in table 2, calcula-
tions were made of both the crude and net
hazard-rate curves and corresponding sur-
vival functions from disease 2 deaths. The
methods for calculating these curves from
assumed survival distributions can be
found in references 2 and 4. The results of
these calculations, carried out separately
for high- and low-cholesterol subjects, are
depicted in figure 1.

Tables 1 and 2 imply that the true haz-
ards of disease 2 mortality are the same for
the high- and low-cholesterol groups. More-
over, the "crude" and "net" hazard func-
tions for cancer death are identical within
the low cholesterol group because coronary
and cancer mortality are independent of
one another ( that is, the coronary heart
disease mortality rate is the same within
the low cholesterol stratum irrespective of
the level of X).

In figure 1, we see a divergence over time
between the crude survival functions for
the high- and low-cholesterol groups, with
a lower proportion of subjects dying from
cancer in the high cholesterol group com-
pared with the low cholesterol group. In
spite of the fact that the cancer hazard was
truly unrelated to cholesterol level, low cho-
lesterol, relative to high cholesterol, would
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YEAR
FIGt:RE I. Survival curves for example I. The net high cholesterol curve coincides with the low cholesterol

curves.

appear from a life table analysis of observ-
able data without regard to X to be associ-
ated with an excess risk of dying of cancer .

true (net) and crude survival functions for
each of the two cholesterol groups. Figure
2 shows the results of these calculations.
Three curves are presented: low E with the
net and crude hazard curves being identical,
true (net) high E, and crude high E. We
see that the true disease 2 mortality is
considerably greater for high E compared
with low E. However, the excess mortality
for high E is markedly reduced when one
compares the crude hazard curves for the
high- and low-cholesterol groups.

SENSITIVITY OF THE BIAS TO CHANGES
IN UNDERL YING ASSUMPTIONS

The calculations for examples 1 and 2
are clearly driven by our time-l rates (table
1) and Weibull shape parameters (table 2).

Generally, higher rates in all exposure
strata for diseases 1 and 2, which might
characterize an older population, would
cause the bias to appear earlier in follow-

EXAMPLE 2: A DIRECT ASSOCIATION IS
MARKEDLY ATTENUATED

In this example, we explore whether the
direct association of an exposure E with a
disease (disease 2) can be apparently dimin-
ished by the action of dependent competing
risks bias.

We once again used the time-l hazard
{mortality) rates presented in table 1. The
Weibul1 shape parameters for disease 1 re-
mained the same, but slightly different

shape parameters were used for disease 2
{table 2). The same assumptions-inde-
pendence of disease rates within cholesterol
strata and equal distribution of X-values
across cholesterol categories-hold as in
the first example.

As before, we calculated for disease 2 the
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FIGURE 2. Survival curves for example 2.

up. Conversely, if the high-high to high-low
difference were smaller, or if the overall
rates were smaller, then the bias from de-
pendent competing risks would present less
of a problem. As we showed, the extent of
the bias appears especially sensitive to the
relative magnitudes of the disease I mor-
tality rates in the high-high stratum versus
the high-low stratum, that is, to the extent
of positive interaction of X and E on dis-
ease 1. In examples of this type, we have
found that removing the variation in haz-
ard rates over time (that is, replacing all
shape parameters by 1, thereby making the
Weibull distributions exponential) reduces
the bias due to dependence. The magnitude
of the bias might also change if more than
two simple exposure categories were used,
or if the two risk factors were correlated.
(In our two examples, the subjects were
evenly distributed across the risk factor
strata, implying that the two risk factors
were independent. However, additional cal-
culations indicated that the magnitude of

bias was relatively insensitive to moderate
changes in the population frequencies of
the four strata.)

DISCUSSION

We have described a form of selection
bias based on the dynamic interrelation of
at least two diseases and two risk factors.
Two elements join to create this bias: 1) a
kind of "censoring interaction," whereby
censoring from one disease is greater in the
presence of two risk factors than in the
presence of one, and 2) absence of infor-
mation on the second risk factor (X).

If information on X were available, the
disease 2 hazards for the high E and low E
groups could be derived from a "mixture"
of the high X and low X hazards ( weighted
equally, half and half) within each of these
high E and low E groups. In the examples,
knowledge of X would have allowed calcu-
lation of stratumwise life tables within the
four E-X strata. However, we presented the
examples from the perspective that X was
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tion differs between the censored and un-
censored populations, or whether the
magnitude of such a difference is great
enough to confer any meaningful bias. Our
purpose here was to demonstrate that in
certain situations the magnitude of the
competing risks bias is worthy of serious
consideration. (For a related theoretical ex-
ample in which dependent competing risks
might reverse the apparent effect of a di-
chotomous covariate on survival, see ref-
erence 16.)

If one knew what X was and could mea-
sure it, then one could perform stratified
analyses of the relation between cholesterol
and cancer within strata of X, or, alterna-
tively, include the appropriate interaction
terms for cholesterol and X in a statistical
model. If X were known in our examples,
then a correct stratified life table analysis
could be performed, in which case the lack
of association between cholesterol and can-
cer in example 1 would be immediately
evident.

This argues for careful attention to in-
teraction in epidemiologic analyses, since
it is possible that X might be "captured" by
some combination of measured risk factors
that could then be analyzed for interaction
with the exposure (E) of interest. From a
more biologic perspective, it is plausible
that the development of intermediate end-
point markers (of cancer, for example)
might make it possible to detect one incip-
ient disease before censoring from another
disease occurs, or to detect two diseases
simultaneously, and thereby avoid the com -
petitive censoring which leads to biased
analyses.

unobseT\-ed. The different hazards of mor-
tality within the four E-X strata make dis-
ease 1 and disease 2 failures dependent
within each of the high E and low E sub-
populations. The crude survival functions
for the high E and low E strata (without
regard to X) therefore differ from the sur-
vival functions constructed by mixing over
X strata. This difference constitutes a com-
peting risks bias attributable to an omitted
exposure-covariate.

X might be conceived of as a "suscepti-
bility" factor, in which case the competing
risks bias illustrated here can be conceived
of as a "depletion of susceptibles" or "re-
sistant survivor" phenomenon. This latter
effect is well known in occupational studies
(14) and may explain the declining mortal-
ity ratios for smokers compared with non-
smokers with increasing age in some cohort
studies (1.5). We emphasize, however, that
X need not be an inherent genetic charac-
teristic, but may well be a common expo-
sure (or set of exposures). In other words,
susceptibility to "depletion" by the compet-
ing cause of death (coronary disease, in our
example) results from the presence of the
second exposure(s) (high X), which may be
an exogenous exposure as well as some
intrinsic characteristic.

Although we have demonstrated the pos-
sible magnitude of competing risks bias in
the context of a cohort study, the bias may
also be operative in the case-control setting.
In our cholesterol-cancer example, the se-
lective removal by coronary heart disease
death of high cholesterol subjects with high
X would occur in the general population
just as it would in a cohort. The pool of
cases eligible for the case-control study
would therefore have already been "de-
pleted," and the same competing risks bias
illustrated in the cohort study would affect
results from the case-control study.

There is no easy way to deal with poten-
tial competing risks bias. We have shown
quantitatively how dependent competing
risks might bias epidemiologic observa-
tions, but there is no a priori way of know-
ing whether the exposure-disease associa-
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